The occurrence and chemical nature of the cross-links between cellulose microfibrils in outer epidermal cell walls in Pisum sativum cv. Alaska was investigated by rapidfreezing and deep-etching techniques coupled with chemical and enzymatic treatments. The cell wall in the elongating region of epidermal cells was characterized by the absence of the cross-links, while in the elongated region, the cell wall was characterized by the presence of cross-links. The cross-links remained in the cell wall of the elongated region after treatment with SDS electrophoresis sample buffer and treatment with 4% potassium hydroxide. After treatment with endo-l,4-/?-glucanase, which fragments xyloglucan, the cross-links were remarkably reduced from the cell wall of the elongated region. The endoglucanase treatment also reduced immunogold labeling of xyloglucan in the cell wall. The endoglucanase hydrolysate from the cell wall fraction of the elongated region gave spots of oligosaccharides in thin layer chromatography, which were identical to the spots of xyloglucan oligosaccharides produced by xyloglucanase from both the cell wall fraction and tamarind xyloglucan. These results indicate that the cross-links are made of xyloglucan. We discussed the possibility of cross-links involved in the control of mechanical properties of the cell wall.
chains and additional galactosyl and fucosyl-galactosylresidues along the backbone (Hayashi 1989) . In order to dissociate xyloglucan from the CMFs, strong alkali such as 4 M solution of potassium hydroxide is required yielding to disrupt the crystalline structure in CMF. This suggests that xyloglucan not only attach to the surface of CMF but also extend into crystalline region of CMF. Whitney et al. (1995) found that cross-links were formed between cellulose ribbons produced by Acetobactor in the presence of xyloglucan in culture medium. These findings indicate that xyloglucan tightly binds to and cross-links to CMFs forming the principal load-bearing framework (Fry 1986, Talbott and Ray 1992) . It is considered that the structural changes in the cellulose-xyloglucan framework is required during cell elongation. This process may occur by the action of enzymes or proteins related to cell elongation (Cosgrove 1997 , Fry 1995 , Hoson 1993 , Hayashi 1991 , Nishitani 1997 . Although there is suggestion that xyloglucan cross-links control the loosening of the cell wall (Taiz 1984) , the changes in the cellulose-xyloglucan framework during elongation growth are poorly understood and have not been well visualized.
RFDE is the only method to visualize cross-links between CMFs in the cell wall. The cross-links are supposed to be composed of xyloglucan, based on an application of sequential chemical extraction coupled with RFDE (McCann et al. 1990, Itoh and Ogawa 1993) . Although chemical treatment is effective in extracting cell wall components, it is relatively non-selective and causes modification of cell wall components such as the swelling of CMFs induced by strong alkali. Enzymatic treatment is more selective than chemical treatment when it comes to removing certain cell wall components. Endoglucanases derived from plant and fungi fragment xyloglucan and produce xyloglucan oligosaccharides (Hayashi and Maclachlan 1984) . These are available in high purity and are relatively specific. The use of endoglucanase instead of chemicals may provide additional evidences whether the cross-links are composed of xyloglucan in the cell wall.
We report the occurrence of cross-links in the cell wall during and after cell elongation in the epidermal cell walls of pea epicotyl. We focus on the characterization of the cross-links. That is, the chemical nature of cross-links was examined by comparing RFDE images before and after various kinds of chemical and enzymatic extraction of cell wall components. We discuss the possible role of the crosslinks in the cell wall in relation to the control of mechanical properties during cell elongation.
Materials and Methods
Plant materials-Segments of the elongating and elongated regions in third internode were prepared from 8-day old etiolated pea seedling (Pisum sativum cv. Alaska) as described by Fujino and Itoh (1998) . Briefly, the elongating region is a 0-3 mm below the hook base and the elongated region is a 0-3 mm in the upper side of the node.
Immunogold labeling electron microscopy-The segments were obtained from elongating and elongated regions. The segments from elongated region were subjected to EDTA extraction (0.1 M EDTA [pH7.0] at 85°C for 6h, the extraction solution was changed every 2 h) and followed by endoglucanase extraction (50 milliunits ml" 1 cellulase [endo-l,4-/?-glucanase] from Trichoderma sp. purchased from Megazyme, Australia in 50 mM sodium acetate buffer [pH5.0] at 40°C for 24 h). Before the endoglucanase treatment, the segments were cut half longitudinally with surgical blade. The fixation, dehydration, embedding and sectioning of tissues for immunogold labeling were done according to Fujino and Itoh (1998) .
The sections were incubated with blocking solution of ovalbumin (OA)-PBST (1% [w/v] ovalbumin in 10 mM phosphate buffer [pH7.2] containing 500 mM sodium chloride, 0.1% [w/v] sodium azide and 0.5% [v/v] Tween 20) for 30min at room temperature. Sections were transferred into 20,ul of diluted primary antibody (1 : 10 to 1 : 10,000 dilutions in OA-PBST of antixyloglucan [anti-xyloglucan heptasaccharides] antibody and a 1 : 50 dilution of anti-xylan [anti-l,4-/?-D-xylose] antibody, Genosis, U.K.) and incubated for 2 h at room temperature. After the sections had been washed with a continuous stream of PBST, 20 /ul of secondary antibody (anti-rabbit IgG conjugated 10 nm gold particle diluted 1 : 20 in OA-PBST) was applied for 2 h. Sections were then rinsed with PBST for 30 s followed by distilled water and were stained with saturated uranyl acetate in water.
RFDE electron microscopy-The segments obtained from the elongating and elongated regions were extracted with 0.1 M EDTA (pH7.0) at 85°C for 6h (the extraction solution was changed every 2 h). These segments were thoroughly washed with distilled water. The segments from elongated regions were subjected to further extraction; boiling with SDS electrophoresis sample buffer containing 2% (w/v) SDS and 10% (v/v) /?-mercaptoethanol (Laemmli 1970) for 30 min; treatment with 4% (w/v) potassium hydroxide containing 0.1% (w/v) sodium borohydride at 20° C for 8 h in a sonic bath (the extraction solution was changed every 2h); and incubation with 50 milliunits m P 1 endoglucanase in 50 mM sodium acetate buffer (pH 5.0) for 24 h at 40°C. Before the endoglucanase treatment, the segments were cut half longitudinally with surgical blade. The segments, thoroughly washed with distilled water, were rapid-frozen with liquid helium and deep-etched, then replication was carried out as described in Fujino and Itoh (1994) . All pictures of deep-etched replicas were presented as negative image.
Fractionation of cell wall, enzymatic hydrolysis and analysis of hydrolysates-The segments obtained from elongated regions were frozen in liquid nitrogen and homogenized with a mortar and pestle in 80% (v/v) ethanol. The homogenate was extracted twice with chloroform : methanol ( 1 : 1 , v/v) and twice with acetone and washed with distilled water. This material was treated with 0.1 M EDTA (pH7.0) at 85°C for a total of 6 h (the extraction solution was changed every 2 h), then washed 5 times with distilled water. The residue was then treated with 4 units ml" 1 porcine pancreas a-amylase (type I, Sigma) in 25 mM sodium acetate buffer pH 6.5 for 2 h at 40°C. After being washed 5 times with distilled water, the residue was freeze-dried.
The cell wall fraction was suspended and incubated with 5 ml of 100 milliunits m l 1 endoglucanase in 2.5 mM sodium acetate buffer (pH 5.0) for 24 h at 40°C with adding few drops of toluene. After being heated at 100°C for 15 min to inactivate the enzyme, the incubation mixture was centrifuged and then supernatant was collected. The supernatant was passed through Dowex 50Wx8 and Dowex 1x8 and dried up in rotary evaporator. The dried material was dissolved in 500 fi\ of distilled water and then ethanol was added to give final concentration of 80% (v/v). After standing for 1 h at room temperature, the mixture was centrifuged and then supernatant was collected and freeze-dried.
The cell wall fraction and tamarind xyloglucan were incubated with 50 milliunits purified xyloglucan specific endo-1,4-/?-glucanase (xyloglucanase) obtained from Geotrichum sp. M128 strain in 2.5 mM sodium acetate buffer (pH 5.5) for 4h at 40°C (Mitsuishi 1999) . After heating, enzymatic hydrolysates were prepared as described above.
The chromatogram of enzymatic hydrolysates was run on Merck silica gel 60 TLC plate, developed by 1-butanol: acetic acid : water (3 : 3 : 2) for 15 h or acetonitrile : water (17 : 3) for 2 h at room temperature, and visualized by spraying with 1% (w/v) orcinol containing 50% (w/v) sulfuric acid and heating for few minutes in an oven at 100°C.
Results

Distributions of xyloglucan andxylan in the epidermal
cell wall-Immunogold labeling was applied to localize the distribution of xyloglucan in the epidermal cell wall. At first, a titration test was done to determine the optimal dilution for the anti-xyloglucan antibody (Sone et al. 1989 ). The antibody solution was used at dilutions ranging from 1 : 10 to 1 : 10,000 and the number of gold particles per /um 2 was counted. The labeling density was saturated at a 1 : 100 dilution (data not shown). From the results of the titration test, the antibody was used at a dilution of 1 : 50. The distribution of xyloglucan epitope in the cell wall of the elongating and the elongated regions is shown in Figure  1 . The labeling density of the xyloglucan epitope was obtained from 30 cell walls (10 cells per segment from 3 replicate segments). The labeling density in the intact cell wall of the elongating region was 84±22 per jum 2 ( Fig. la) and that of the elongated region was 362 ±87 per /urn 2 ( Fig. lb) . After treatment with EDTA, the cell wall of elongated region was labeled by the antibody (Fig. lc) . The labeling density in the wall of EDTA-treated elongated region was 336 ±57 per /urn 2 . This value is almost identical to that of intact cell wall. The treatment with EDTA followed by endoglucanase results in remarkable reduction of the labeling density in the cell wall of elongated region. (Fig. Id) . The labeling density was 137±46 per/zm 2 and reduced to approximately one third of intact or EDTA- treated cell wall of elongated region. The remaining label was denned in inner layer of the cell wall. These experiments indicated that endoglucanase treatment is effective to remove xyloglucan from the cell wall of elongated region. Xylan is often the major hemicellulosic components in the secondary wall of dicotyledons. We investigated the distribution of xylan by using immunogold labeling of anti-xylan antibody to elucidate whether xylan occurs in the epidermal cell wails of elongated region. Very low labeling of anti-xylan antibody was observed in the epidermal wall of elongated regions (Fig. 2) . However, a dense distribution of xylan epitope was observed exclusively in the cell wall of vascular bundles (data not shown).
Occurrence of cross-links-The outer wall of intact epidermal cells in an elongating region was filled with granular materials (Fig. 3a inset) , being mainly composed of pectic polysaccharides as determined by RFDE and chemical analysis (Fujino and Itoh 1998) . Treatment of the epidermal wall with EDTA completely eliminated granular materials from the wall enabling the contour of CMFs to be clearly visualized. CMFs with a helicoidal orientation in polylamellate wall had a dimension of 13.5±2.0 nm/50 CMFs including thickness of shadowing materials with 2 nm (Fig. 3a) . Cross-links that interconnected CMFs were not seen in the wall of the elongating region after treatment with EDTA. The wall was exclusively consisted of CMFs in appearance of RFDE image. The outer wall of epidermal cells in an elongated region was also observed by RFDE before and after treatment with EDTA. The intact cell wall in this region contained CMFs oriented with a helicoidal pattern and short fibrils cross-linking between CMFs (Fig. 3b inset) . After treatment with EDTA, the cell wall architecture being comprised of fibrious components was observed in detail (Fig. 3b) . In the EDTA-treated cell wall, the dimension of CMFs was 13.6±1.9nm/50 CMFs and that of cross-links was 7.3±2.0nm/30 cross-links. The dimension of the cross-links was smaller than that of CMFs. These cross-links were almost criss-crossed and interconnected with CMFs. When the dimension of crosslinks was measured, cross-links located at the upper surface of replicated images were chosen to avoid confusion between cross-links and CMFs. CMFs situated below the surface appeared thin due to insufficient shadowing of platinum. These results indicate that cell walls have different nature between elongating and elongated regions.
Characterization of the cross-links by RFDE coupled with chemical and enzymatic treatments-To characterize the chemical nature of the cross-links between
CMFs in the EDTA-treated and elongated cells, the materials were either treated with SDS electrophoresis sample buffer to remove protein, with 4°7o potassium hydroxide to remove weakly-bounded hemicellulose, or with endo-l,4-/?-glucanase to fragment xyloglucan before observation by RFDE. After treatment with SDS electrophoresis sample buffer, the cross-links did not disappear. The dimension of the CMFs was 13.4±2.1 nm/50 CMFs and that of crosslinks was 7.0± 1.2 nm/30 cross-links (Fig. 4a) . After treatment with 4% potassium hydroxide, the cross-links were also remained. The dimension of the CMFs was 12.9 ±1.5 nm/50 CMFs and that of cross-links was 5.7± 1.0 nm/30 cross-links (Fig. 4b) . However, after incubation with endo-1,4-/?-glucanase, the number of cross-links decreased in the cell wall. CMFs had a dimension of 12.9±2.0 nm/50 CMFs (Fig. 4c) . Although a large number of cross-links were removed from the slit-like pores between CMFs, lateral association of CMFs did not occur.
Analysis of enzymatic hydrolysates-Endoglucanase
hydrolysates from the cell wall fraction of elongated region were characterized by TLC developed with solvent of 1-butanol, acetic acid and water (Fig. 5) . Using well-defined and purified xyloglucanase, xyloglucan oligosaccharides derived from the cell wall fraction (lane 2) and tamarind xyloglucan (lane 4) were examined. Spots in lane 4 were identical to xyloglucan oligosaccharides of heptasaccharides, octasaccharides and nonasaccharide, from upper to lower, respectively. Xyloglucanase hydrolysate from the cell wall fraction contained same xyloglucan oligosaccha- rides, thought it gave clear spots of heptasaccharides and octasaccharides and small spot of nonasaccharides (lane 2). The endoglucanase hydrolysate from the cell wall fraction (lane 3) gave faint spots of glucose and cellobiose and spots of oligosaccharides, which were identical to the spots of xyloglucan oligosaccharides as shown in lane 4 and same pattern to lane 2. Therefore, these oligosaccharides occurred by fragmentation of xyloglucan, suggesting that the endoglucanase fragmented xyloglucan in the cell wall fraction.
TLC developed with solvent of acetonitrile and water was done to separate low molecular weight sugars (Fig. 6) . In endoglucanase hydrolysate (lane 2), there were spots of glucose, cellobiose and galacturonic acid. Other neutral sugars were trace. However, most sugars still remained at base. Endoglucanase hydrolysate was enriched in oligosaccharides rather than mono-and disaccharides. These results indicated that the endoglucanase fragmented relatively specific to xyloglucan in the cell wall fraction, though this enzyme digested more or less CMF.
Discussion
We have reported previously the difference in the cell wall architecture of intact epidermal cells between elongating and elongated regions in pea epicotyl (Fujino and Itoh 1998) . In the present study, we aimed to characterize the chemical nature of the cross-links between CMFs. The CMFs were 13.9 nm in diameter, while the cross-links were 7.3 nm, a difference of almost two-fold. The cross-links were lost from the cell wall after treatment with strong alkali, which did not solubilize CMFs (McCann et al. 1990, Itoh and Ogawa 1993) . Thus, we ruled out the possibility of CMFs being the entity of the cross-links.
It is considered as one possibility, that the cross-links are composed of structural proteins. The most well-studied wall protein is extensin (Lamport 1969) , which is a hydroxyproline-rich glycoprotein and forms networks that are structurally independent of the polysaccharide network (Mort and Lamport 1977) . It accumulates in the cell wall following cessation of elongation growth (Savada et al. 1973) . However, the cross-links are observed after treatment with SDS electrophoresis sample buffer. The SDS electrophoresis sample buffer removes various kinds of cell wall protein (Corke and Roberts 1997) . Whereas we did not analyze an amount of the structural proteins in the pea cell wall, they are generally a minor component of the wall (<5%) (Cosgrove 1997) . Therefore, it is unlikely that the cross-links are composed of structural proteins.
Xylan is another candidate for the component forming the cross-links. It contains a l,4-/?-xylan backbone with arabinose and glucuronic acid side chain units and has an ability to bind CMFs. In monocotyledonous plants, xylan is considered to interconnect CMFs by forming cross-links (Carpita and Gibeaut 1993) . However, xylan in the epidermal cells of pea is present in a negligible amount as shown in Figure 2 , while numerous cross-links are found in the cell wall observed by RFDE. Furthermore, it is reported that xylan is extractable by a treatment of 4% potassium hydroxide (Coimbra et al. 1996) . We analyzed the 4% potassium hydroxide fraction in pea epicotyl, which was enriched in arabinose and xylose. The sugar enriched fraction is likely derived from xylan (data not shown). Our results show that the cross-links are not removed after the treatment with 4% potassium hydroxide. Therefore, there is little possibility that xylan is the entity of the cross-links.
Finally, xyloglucan is left as a possible candidate for the entity of the cross-links. After treatment with endoglucanase, the remarkable decrease of xyloglucan epitopes and cross-links in the cell wall was revealed by immunogold labeling and RFDE, respectively. Furthermore, the endoglucanase hydrolysate is enriched in oligosaccharides, which is derived from fragmentation of xyloglucan as shown in Figure 5 . This hydrolysate also contains glucose and cellobiose, which are produced by enzymatic hydrolysis of cellulose. These sugars are not present in amounts in the endoglucanase hydrolysate. Therefore, endoglucanase exclusively degrades and fragments xyloglucan in cell wall fraction. Taken together, our results strongly suggest that xyloglucan is the entity of cross-links in the epidermal cell wall of pea epicotyl. This is a direct demonstration to show that cross-links are made of xyloglucan in plant cell walls. The use of endoglucanase is effective for removing the cross-links from the cell wall without association and swelling of CMFs caused by the use of strong alkali as described in previous reports Ogawa 1993, McCann et al. 1990 ). Low labeling of xyloglucan epitopes are still observed at the inner layer of the cell wall after treatment with endoglucanase. Xyloglucan at the inner wall might be tightly associated with CMFs because xyloglucan is caught in a CMF as CMF synthesis takes place at the plasma membrane (Hayashi 1989) . This may result in resistance to digestion by the endoglucanase. Alternatively, it may also be considered that the enzyme simply could not penetrate to the inner layer.
As described above, we demonstrated that cross-links are composed of xyloglucan and the clear difference in the cell wall architecture is observed in the epidermal cells of elongating and elongated tissues. In the wall of elongating epidermal cells, no cross-links are observed between CMFs. In contrast, a large number of cross-links are observed between CMFs in the epidermal cell wall of the elongated region. On the other hand, the distribution of xyloglucan epitopes by immunogold labeling is observed throughout the cell wall of both regions. Baba et al. (1994) and Suzuki et al. (1998) reported that no cross-links existed in spite of the presence of xyloglucan at the surface of CMFs observed by immunogold labeling coupled with negative staining and RFDE, respectively. Therefore, the absence of cross-links in the wall of elongating epidermal cells does not conflict with previous reports. Cross-links in the intact cell wall of elongating epidermal cells in mung bean hypocotyl have been observed by Satiat-Jeunemaitre et al. (1992) . However, we could not confirm the occurrence of cross-links in the intact cell wall of the elongating epidermal cells in pea epicotyl because the space between CMFs was completely occupied by granular pectic materials. Nor could we confirm the existence of the cross-links even after removal of the granular materials by the treatment with EDTA (Fujino and Itoh 1998) . It is also noted that the same result with pea epicotyl was obtained in the cell wall of elongating epidermal cell in Azuki bean (Vigna angularis) epicotyl (data not shown). We can not fully account for the disparate description of the cell wall architecture in the different species. The characteristic of cell wall architecture may vary depending on the tissues between hypocotyl and epicotyl.
There is question how xyloglucan molecules are organized in the cross-links at an ultrastructural level. The resolution of the shadowing technique has been estimated to be 1 to 2 nm (Willison and Rowe 1980) . The dimension of a single xyloglucan molecule is calculated to be 1.1 nm from its molecular conformation (Ogawa et al. 1990 ). Therefore, a single strand of a xyloglucan molecule could not be visualized by RFDE. The cross-links visualized by RFDE had a dimension of 5.7 to 7.6 nm (average 6.7 nm) including the thickness of the shadowing material. Since the deposition of shadowing material is kept to 2 nm in thickness, the actual dimension of the cross-links is estimated to be 4.7 nm. This value corresponds to that of 4 or 5 xyloglucan molecules. The length of xyloglucan is estimated to be up to 400 nm (Vincken et al. 1997) . Because the length is much longer than the distance between two adjacent CMFs (McCann and Roberts 1991 , McCann et al. 1993 , cross-links must be assembled with various conformation such as twisted helix and flat ribbon. In the meantime, the dimension of CMFs observed from various kinds of specimens by RFDE are shown to be almost identical (Fig. 3, 4) . Although the surface of CMFs is considered to be coated by a monolayer of xyloglucan (Hayashi et al. 1987) , we propose that this coat has no effect on the diameter of CMF in the shadowing image. The dimension of CMFs measured in RFDE images have a standard deviation of approximately 2 nm. As the dimension of xyloglucan molecules is 1.1 nm, the effect of the coating of xyloglucan on the surface of CMFs is estimated to be within the range of standard deviation. This notion is also supported by the following report. Whitney et al. (1995) who found that cross-links between cellulose ribbons produced by Acetobacter were formed in the presence of xyloglucan in culture medium. They also reported that the width of cellulose ribbons does not change in the presence or absence of xyloglucan. However, we have no clear information to explain how xyloglucan molecules are packed into crosslinks.
The present data imply that CMFs can slip under the strain of turgor pressure in the absence of cross-links, resulting in cell elongation. CMFs are interconnected and immobilized by the formation of cross-links right before the cessation of cell elongation, resulting in the rigidification of the cell wall. Therefore, we hypothesize that the formation of cross-links between CMFs is responsible for the cessation of cell elongation. Two proteins that modify the cellulose-xyloglucan framework have been proposed to control cell elongation. Expansins which are not recognized as enzymes, are believed to disrupt the hydrogen bonding between CMFs and xyloglucan (Cosgrove 1997) . The cell wall of elongating cell shows high susceptibility to the expansin action (Cho and Kende 1997, McQueen-Mason 1995) . Endoxyloglucan transferase hydrolyzes a portion of the donor xyloglucan and transfers the fragment to the non-reducing end of an acceptor xyloglucan (Fry 1995 , Nishitani 1997 ). Its activity is high at a short distance back from the apical bud in the pea third internode (Fry et al. 1992) , which corresponds to our "elongated region" (Fujino and Itoh 1998) . We do not know yet the mechanism involved in the cross-link formation. However, either the rearrangement of the cellulose-xyloglucan framework catalyzed by this enzyme and protein, or self assembly of xyloglucan for making cross-links as shown by Whitney et al. (1995) may be responsible for the formation of the cross-links in the cell wall of pea.
We address that cross-links are composed of xyloglucan by testing with RFDE in the elongated cell wall before and after treatment with endoglucanase. Cell wall architecture showed a difference depending on developmental region in the pea epicotyl. Our results directly support the hypothesis that the mechanical property of epidermal cell wall is controlled by xyloglucan cross-links between CMFs (Taiz 1984) . The present investigation gives first account to show that application of RFDE disclose dynamic changes of the molecular architecture of the cell wall in the different' stages of cell elongation.
